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Abstract Secondary oxidation products of fatty acids, mainly
aldehydes, are susceptible to cause significant deterioration in
chemical, sensory and nutritional food properties, as well as
adverse health effects. An analytical method involving sepa-
ration by liquid chromatography coupled to the detection by
tandem mass spectrometry (LC-MS/MS) has been developed
to evaluate the concentration of four aldehydes in oil samples:
malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), 4-
hydroxy-2-hexenal (4-HHE) and 2,4-decadienal (2,4-DECA).
The optimisation of the extraction, derivation, detection and
quantification has been finalised for coconut oil, used as a
model of vegetable oils. The method has been validated
according to the criteria and procedure described in interna-
tional standards. The evaluated parameters include specificity/
selectivity, recovery, precision, accuracy, uncertainty, limits of
detection and quantification, using the concept of accuracy
profiles. These parameters have been evaluated during exper-
iments planned on different non-consecutive days with coco-
nut oil spiked at different levels of concentration. The
validation of the developed analytical method showed that it
is possible to analyse MDA, 4-HHE, 4-HNE and 2,4-
decadienal in oil samples, in the same run, with a very good
accuracy for MDA, and a defined accuracy at specified con-
centrations for the three other aldehydes. The accuracy profile
of MDA showed a recovery rate of 100 % (±1) and a maxi-
mum coefficient of variation for the intermediate precision of
14 % at 0.15 mg kg−1. For the three other aldehydes, recovery
rates ranged between 79 and 101 % and coefficient of varia-
tion for the intermediate precision between 13 and 23 %. In
first pressure linseed oil, stored for several days at 60 °C
according to the Schaal oven test, it was shown that 4-HHE
was the most produced aldehyde, reaching levels of 85 and
382 μmol kg−1 after 12 and 24 days, respectively, versus
levels of 18 and 28 μmol MDA kg−1 of oil, respectively, and
17 and 51 μmol 4-HNE kg−1 of oil.
Keywords Aldehydes . Liquid chromatography . Tandem
mass spectrometry . Linseedoil .Validation .Accuracyprofile
Introduction
Linseed (Linum usitatissimum), also known as flax, is widely
cultivated for its fibre for the textile industry or its seeds for the
production of linseed oil, in Canada, China and India. Due to
its high α-linolenic acid content (more than 50 %), linseed oil
is also particularly interesting in human nutrition, to increase
the n-3 polyunsaturated fatty acids (PUFA) intake. This high
polyunsaturated fatty acids level also contribute to its rapid
oxidation (Belitz et al. 2004; Guillén and Uriarte 2012; Uriarte
and Guillén 2010). PUFA oxidation leads to the formation of
hydroperoxydes (primary oxidation products), while the
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secondary degradation compounds are mainly aldehydes.
These aldehydes are relatively stable and have been shown
to be cytotoxic and genotoxic by reacting with proteins and
nucleic acids (Esterbauer et al. 1991; WHO 2003; Reed 2011;
Vander Jagt et al. 1997).
Among aldehydes, four compounds were chosen as rele-
vant markers to evaluate the lipid oxidation of linseed oil:
malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), 4-
hydroxy-2-hexenal (4-HHE) and 2,4-decadienal. The
malondialdehyde is known to be formed from the degradation
of unsaturated fatty acids and thus can be found in vegetable
oils (Tsaknis et al. 1998; Wei et al. 2011). 4-HNE and 4-HHE
are α,β-unsaturated aldehydes mainly formed during the ox-
idation of n-6 and n-3 fatty acids, respectively (Guichardant
et al. 2006; Han and Csallany 2009; Vankuijk et al. 1990). 2,4-
Decadienal, an aldehyde associated with a frying odour, ac-
cording to Seppanen and Csallany (2001), is one of the major
compounds reported to be formed by the autoxidation of
linoleic acid. In addition, MDA and 4-HNE have been recent-
ly considered, in an advice of the Belgian Superior Health
council, of major concern for human health (Belgian Superior
Health Council 2011). Until now, no maximum levels have
been established for aldehydes in food, mainly because of the
lack of data in the literature about toxic levels, quantities
contained in food and quantities of these oxidation products
actually ingested by a consumer.
Usually, aldehydes are detected by fast and simple enzy-
matic or colorimetric methods, such as the thiobarbituric acid
reactive species (TBARS) method (Papastergiadis et al. 2012;
Ulu 2004; Pikul et al. 1989). However, these methods lack of
specificity because they measure the total content of alde-
hydes able to react with thiobarbituric acid, expressed in
malondialdehyde content. That is why more recently chro-
matographic methods have been developed to fill that gap.
Those techniques are used to separate, identify and quantify
individual compounds, for instance aldehydes (Papastergiadis
et al. 2014; Kölliker et al. 2001; Deighton et al. 1997; Zwiener
et al. 2002;Wang et al. 2014). A lot of the methods cited in the
literature are developed to measure carbonyl compounds (al-
dehydes and ketones) in ambient air, in environmental matri-
ces such as water and petroleum, or in biological matrices
(Zwiener et al. 2002; Brombacher et al. 2002; Lord et al.
2009), but very few are dedicated to food matrices. In addi-
tion, most of these methods focused either on the analysis of a
single compound (MDA) or either on other aldehydes but
scarcely MDAwith other aldehydes in the same run. Conse-
quently, it is important to set up more specific analytical
methods to assess the quantity of those secondary oxidation
products in the same analysis in order to better characterise the
oxidation products in foods with high PUFA content, such as
linseed oil. Therefore, a liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS) method has been
developed to evaluate the concentration of malondialdehyde,
4-HHE, 4-HNE and 2,4-decadienal in linseed oil samples
(Fig. 1). The developed method used methylmalondialdehyde
(MeMDA) as internal standard (Claeson et al. 2001; Sim et al.
2003; Paroni et al. 2002).
The second objective of this work was to set up a validation
protocol of the developed method based on various perfor-
mance parameters. As there is no specific validation criteria
for aldehydes in food matrices, our work was based primarily
on the Decision of the European Commission 2002/657/EC
(Commission of the European Communities 2002), a guide-
line used for the analysis of residues of veterinary drugs,
which presents requirements concerning chromatographic
techniques and mass spectrometry that can be applied here.
Other parameters were also assessed according to the recom-
mendations of the International Conference on Harmonisation
of Technical Requirements for Registration of Pharmaceuti-
cals for Human Use (ICH 2005). The analytical method
presented in this work brings something new compared to
what is commonly found in the literature since this method
allows to quantify, in the same run, MDA and three other
aldehydes: 4-HHE, 4-HNE and 2,4-decadienal, in food sam-
ples, while most of the other methods developed and de-
scribed in the literature are not validated for food matrices
(Surh and Kwon 2003; Alghazeer and Howell 2008; Mathew
et al. 2011).
Finally, the developed method was applied to monitor the
four aldehydes in first pressure linseed oil, stored for several
days at 60 °C, according to the Schaal oven test.
Materials and Methods
Chemical Reagents and Materials
1 , 1 , 3 , 3 - T e t r a e t h o x y p r o p a n e ( T E P ) , 2 , 4 -
dinitrophenylhydrazine (DNPH, 97 %), 2,4-decadienal and
butylated hydroxytoluene (BHT, 99 %) were purchased from
Sigma-Aldrich (Milan, Italy). Stock solutions of 4-hydroxy-2-
hexenal (4-HHE) and 4-hydroxy-2-nonenal (4-HNE) in etha-
nol (10 mg ml−1) were obtained from Cayman Chemicals
(Michigan, USA). Methylmalondialdehyde (MeMDA) was
synthetised from (dimethylamino)-2-methyl-2-propenal
(DMP, Sigma-Aldrich) according to the method described
by Syslová et al. (2009).
Chloroform and water were of Chromanorm quality, while
acetic acid 100 % was of Normapur quality. They were all
provided by VWR International (West Chester, Pennsylvania,
USA). Ethanol absolute for analysis, tricholoroacetic acid and
hydrochloric acid 37 % were from Merck (Darmstadt, Ger-
many). LC-MS-grade acetonitrile was obtained fromBiosolve
(Valkenswaard, The Netherlands).
The filters were hydrophilic single use syringe filters
(0.2 μm pore size, Minisart) from Sartorius (Goettingen,
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Germany). Fifteen-millilitre Falcon polypropylene graduated
conical tube with cap was commercially available from
Greiner Bio-One (Germany).
Stock solution of malondialdehyde 1 mg ml−1 (MDA) was
obtained by hydrolysis of 1,1,3,3-tetraethoxypropane (TEP)
in tricholoroacetic acid 5 %. Stock solution of 2,4-decadienal
(1 mg ml−1) was prepared by dissolving the compound in
water/ethanol 50:50 (v/v). A mixture of MDA, 4-HHE, 4-
HNE and 2,4-decadienal at a concentration of 20, 8, 8 and
24 ng μl−1 was obtained by diluting in water/ethanol 50:50 (v/
v) in a 20-ml volumetric flask 400, 16, 16 and 480 μl of each
stock solution of the four standards, respectively. A solution of
MeMDA at 10 ng μl−1 was obtained by diluting the
synthetised crystals in water/ethanol 50:50 (v/v) and was used
as internal standard. All of the standard solutions were kept for
maximum 6 months at +4 °C.
Sample Preparation
Two grams of oil was weighted in a test tube, additioned with
200 μl BHT (1 mg ml−1 in chloroform), 100 μl MeMDA
(10 ng μl−1) and 1,900 μl water/ethanol 50:50 (v/v). The tube
was vortexed for 15 s and then centrifuged at 3,700 g for 5 min
on a REAX Top vortex from Heidolph (Germany) and a
Minifuge T centrifuge from Heraeus (Germany), respectively.
This extraction was repeated a second time with 2 ml water/
ethanol 50:50 (v/v), and supernatants were then filtered
through a hydrophilic filter.
Dinitrophenylhydrazone derivatives were prepared by
adapting the method from Fenaille et al. (2001): 250-μl
DNPH solution (0.05 M in ethanol/HCl 12 M 9:1 (v/v)) was
added to 750μl of extract in an injection vial and reaction took
place for 2 h at 60 °C.
LC-MS/MS Analysis
S e p a r a t i o n a n d d e t e c t i o n o f a l d e h y d e s a s
dinitrophenylhydrazone derivatives were performed using a
ThermoFinnigan Spectra System P4000 HPLC system and a
ThermoFinnigan LCQ Deca ion trap mass spectrometer,
equipped with an electrospray source. Separation was
achieved on an Atlantis T3 C18 column (3 μm, 2.1×
150 mm), with an Atlantis guard column T3 C18 (3 μm,
2.1×10 mm), both from Waters Corporation (Milford, MA,
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USA). The solvent flow was 0.25 ml min−1, column temper-
ature was set at 40 °C and the injection volume was 20μl. The
mobile phase was acetonitrile (solvent A) and acetic acid
solution at pH=3.55 (solvent B). The gradient elution condi-
tions were from 40 to 65 % of solvent A in 9.6 min and from
65 to 100 % in 4.4 min; then, conditions were held for 1 min
and the contribution of solvent Awas decreased to 40 % over
5 min and maintained for another 8 min reconditioning. The
analysis with the mass spectrometer was performed inMS/MS
mode, with positive ionisation for MDA and MeMDA and
negative ionisation for the other compounds.
Derivatised standard solutions were synthesised in our
laboratory and infused directly in the mass spectrometer to
optimise the MS tune parameters. The capillary temperature
was set at 300 °C. The derivative forms of the four aldehydes
and the internal standard were detected using the multiple
reaction monitoring (MRM) mode, with two transitions for
each compound (Table 1). Methylmalondialdehyde was used
as internal standard for quantification. Results were calculated
using Xcalibur Software (ThermoFinnigan).
Samples Used for the Calibration Curves and Validation
of the Method
For the validation of the method, organic coconut oil
(AmanPrana brand, Noble House, Belgium) was bought in a
supermarket. Indeed, linseed oil is so sensitive to oxidation
that it can contain quite high amounts of aldehydes if it is not
really fresh and stored in appropriate conditions. So, it was
decided to use coconut oil, which is highly saturated and thus
not sensitive to oxidation, to be sure to use stable oil for
calibration curves. Using the developed method, coconut oil
was evaluated as “blank” regarding its aldehyde content.
Indeed, malondialdehyde was not detected in coconut oil,
while 4-HHE, 4-HNE and 2,4-decadienal were sometimes
detected in coconut oil, but their chromatographic peak areas
were close to those of the background noise peaks. Coconut
oil was then used as blank samples and spiked quality control
(QC) samples for validating the developed method and for the
calibration curves.
Calibration Curves
Seven samples of coconut oil spiked with the internal standard
at a concentration of 0.5 mg kg−1 and with concentrations
ranging from 0.06 to 3.0 mg kg−1 for 4-HHE and 4-HNE, 0.15
to 7.5 mg kg−1 for MDA and 0.18 to 9.0 mg kg−1 for 2,4-
decadienal were extracted simultaneously with the samples.
The concentration range of the calibration curve was chosen to
cover the range of concentrations usually observed for each
aldehyde analysed in oxidised oil samples. The extracts of
these seven samples were used to construct the calibration
curves: The response (ratio between each aldehyde and the
internal standard peak areas) was plotted versus standard
concentrations. Calibration points were injected before each
series of samples, and the extract spiked at a concentration
corresponding to the central point of the calibration curve was
injected one more time after all the samples. The choice of the
best regression model was studied using the statistic F-test,
which is also known as Mandel fitting test (Mandel 1964). A
quadratic regression was used, and no “fit weighting” was
applied. The correlation coefficients R2 associated with those
curves were higher than 0.98. It was also established that only
one point of the curve can deviate from the curve bymore than
20 % of the corresponding calculated value.
Confirmation Criteria
Each aldehyde was considered as positively identified in
samples if the ratio between the chromatographic retention
time of the analyte and that of the internal standard, i.e. the
relative retention time (RRT) of the analyte, corresponded to
that of the average retention time of the calibration solutions
within a ±2.5 % tolerance interval and the peak area ratio of
the two transitions of the native analyte corresponded to that
of the averaged transition ratio of the calibration solutions
within the tolerances set by the Commission Decision
2002/657/EC (Commission of the European Communities
2002).
Validation of the Method
The validation was performed according to the Commission
Decision 2002/657/EC and following the most commonly
used approaches (Willetts and Wood 2000; Feinberg 1996).
The Commission Decision 2002/657/EC promotes the use of
Certified Reference Materials (CRM) to validate an analytical
method. Since no CRM of aldehyde is available in oil, coco-
nut oil fortified with standard solutions of aldehydes was used
to assess the performance of the method.
Extractions of samples and injections of samples extracts
were performed on five non-consecutive days. The “low”,
“medium” and “high” levels of concentrations tested are de-
tailed in Table 2.
Data generated during the validation of the method were
processed with e-Noval 2.0 software, from Arlenda (Liège,
Belgium).
Linseed Oil Oxidation Conditions
First pressure linseed oil (1PLO), free of any added antioxi-
dant, was kindly supplied by Vandeputte (Mouscron,
Belgium).
Samples of 1PLO (20 g) were distributed in tinted glass
bottles (100 ml, diam. 4 cm) left open and heated for up to
24 days at 60 °C in a ventilated oven (ULM800, Memmert,
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Germany), according to the Schaal oven test. Temperature in
oven was monitored during the test with temperature probe
from VWR International (Radnor, Pennsylvania), with a mea-
surement uncertainty of 0.5 °C.After 0, 3, 4, 6, 12 and 24 days,
bottles were removed from the oven, flushed with nitrogen,
closed and stored at −80 °C until analysis. Samples were
analysed in triplicate on three independent experiments, with
three different batches of 1PLO, leading to nine samples per
day of storage and a total of 54 samples.
Statistical Analysis
JMP® 7.0.2 software (SAS Institute, Cary, North Carolina,
USA) was used for statistical analysis. Significant differences
of aldehyde levels between days of accelerated oxidation were
tested using the analysis of the variance and generalised linear
models (GLM) procedure of JMP® software. Levels of sig-
nificant effects were compared using least square means and
associated standard error (significant for P<0.05).
Results and Discussion
Method Development
Optimisation of the Derivation Process
Many pub l i c a t i o n s men t i o n t h e u s e o f 2 , 4 -
dinitrophenylhydrazine to derivatise carbonyl compounds.
Table 1 Ionisation mode, mass
of precursor and daughter ions,
spray voltage and normalised
collision energies followed in
MS/MS for each compound
analysed
Compounds ESI mode m/z Spray voltage
(kV)
Normalised collision
energy (%)
MDA-DNPH + 235>159
235>189
6.0 30
MeMDA-DNPH + 249>173
249>203
6.0 32
4-HHE-DNPH − 293>163
293>167
5.0 29
4-HNE-DNPH − 335>167
335>288
4.0 32
2,4-decadienal-DNPH − 331>230
331>284
1.5 34
Table 2 Validation parameters of the LC-MS/MS method for the quantification of four aldehydes in vegetable oil
Aldehyde Targeted
spiking
levels
(mg kg−1)
Mean
introduced
concentrations
(mg kg−1)
LOD
(mg kg−1)
LOQ
(mg kg−1)
lower-
upper
Repeatability
(RSDr, %)
Intermediate
precision
(RSDR, %)
Recovery
(%)
Relative
expanded
uncertainty
(%)
Linearity
(R2)
Calibration
curve
equations
MDA 0.15–3.00–
7.50
0.15–3.02–7.48 0.05 0.15–7.50 12–11–4 14–12–4 101–
101–
100
29–24–9 0.9946 y=−0.0304+
2.8074*x
−0.0380*
x2
4-HHE 0.06–1.20–
3.00
0.04–1.26–2.90 0.14 0.70–3.00 11–9–11 20–14–14 90–98–
97
44–30–29 0.9938 y=−0.0073+
0.6572*x
−0.0343*
x2
4-HNE 0.06–1.20–
3.00
0.06–1.09–2.38 0.02 0.06–2.34 18–10–11 19–15–13 99–91–
79
40–33–27 0.9953 y=−0.0116+
0.5757*x
−0.0457*
x2
2,4-Deca 0.18–3.60–
9.00
0.17–3.63–7.96 0.12 1.54–9.00 21–14–12 23–14–13 95–101–
88
49–30–28 0.9985 y=−0.0060+
0.0969*x
−0.0022*
x2
The three values for repeatability, intermediate precision, recovery, linearity and expanded uncertainty are respective to the three mean introduced
concentration values (n=5)
MDA malondialdehyde, 4-HHE 4-hydroxy-2-hexenal, 4-HNE 4-hydroxy-2-nonenal, 2,4-Deca 2,4-decadienal
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Among them, Stafiej et al. (2006) mentioned the fact that a lot
of different and diverging derivation protocols are applied.
Incubation time can last a fewminutes to several hours or even
beyond 24 h. In addition, the stability problems of the
hydrazones formed are scarcely mentioned. Indeed, the area
of the chromatographic peak of hydrazones derivatives of
malondialdehyde was stable, while the area of the chromato-
graphic peak of the derivatives formed from other compounds
decreased over time (4-HHE, 4-HNE) or showed two chro-
matographic peaks rather than one (MeMDA) (data not
shown).
Concerning the duplication of the chromatographic peaks,
according to Lin et al. (2009) and Uchiyama et al. (2003), this
phenomenon was probably due to the formation of isomers
during the reaction of the aldehydes with 2,4-DNPH. As the
aromatic ring of MeMDA contains a methyl group (Fig. 1), it
could indeed form a geometric isomer. A reduction of the
amine of DNP hydrazone using 2-picoline borane could trans-
form the double C=N bond in a simple bond C–N (Uchiyama
et al. 2009; Sato et al. 2004; Uchiyama et al. 2011). The
reduced compound formed would be more stable because of
the saturated bonds and would therefore suffer no conforma-
tion change. A single isomer would therefore be present,
which would improve the accuracy of analysis. Various con-
centrations of 2-picoline borane combined with different ad-
ditions of acid, time and temperature of derivation were tested
without any improvement. This could be explained by the fact
that methyl-malondialdehyde cannot undergo this double
bond reduction because its C=N double bond is included in
an aromatic ring.
In order to solve this problem of MeMDA peak duplica-
tion, the optimisation of the conditions of the derivation
reaction to switch the reaction equilibrium towards the most
complete formation of the desired product was investigated.
To do this, the DNPH concentration (0.05, 0.2, 0.5 M), the
solvent (water, acetonitrile, ethanol) and the acid concentra-
tion in the DNPH solution have been tested. A single chro-
matographic peak was obtained for methyl-malondialdehyde
with a DNPH concentration of 0.05 M in ethanol/HCl 12 M
(9:1, v/v).
The observed decreasing concentration of the 4-HHE and
4-HNE derivatised compounds over time could be explained
by the formation of precipitates of aldehydes-2,4-
dinitrophenylhydrazones. Those could be solubilised in a
greater extent in the solution by reducing the moisture content
of the DNPH solution used. In addition, time (0, 1, 2, 3, 4,
5 h), derivatisation temperature (25, 40, 60 °C) and the use of
an agitation have been tested.
The larger chromatographic peak areas and stability of
these areas were obtained with a reaction time of 2 h at
60 °C. The molar ratio between DNPH and aldehydes was
ranging from 1,828 to 14 for the first and last points of
calibration curve, respectively.
Optimisation of the Extraction
Despite the derivation optimisation, the 2,4-decadienal chro-
matographic peak was very small, following an aqueous ex-
traction. This compound is quite non-polar and is eluted from
the HPLC column after more than 20 min. Therefore, the
water extraction applied in a first trial was not the best choice
for 2,4-decadienal, while it was perfectly suitable for the more
polar compounds (MDA, 4-HHE, 4-HNE). Therefore, in or-
der to extract the four aldehydes, the extraction in various
solvents has been tested: water/acetonitrile mixtures (100:0,
90:10, 75:25, 50:50, 25:75, 0:100; v/v) and water/ethanol
(75:25, 50:50; v/v). In addition, water and ethanol acidified
with trichloroacetic acid (TCA) 5 % were also tested.
The best compromise was obtained with water/ethanol
50:50 (v/v). Figure 2 shows the chromatogram of a QC spiked
with the four aldehydes at a medium level, corresponding to a
coconut oil sample spiked with 1.2 mg kg−1 4-HHE and 4-
HNE, 3.0 mg kg−1 MDA and 3.6 mg kg−1 2,4-decadienal.
Method Validation
For the validation, seven coconut oil samples were spiked
with increasing concentrations of aldehydes to be used for
each calibration curve. In addition, 20 coconut oil samples
were spiked only with internal standard to be used as blank
samples. Sixty-six coconut oil samples were spiked with
internal standard and three different concentration levels
(low, medium, high; n=22 for each concentration level) of
aldehydes (Table 2), which correspond to the first, the fourth
and the sixth point of the calibration curve, respectively.
Samples were extracted, derivatised and analysed in five
independent series. Raw response data, without any correc-
tion, obtained for both calibration standards and spiked sam-
ples were computed using the validation software e-Noval.
The parameters relevant to evaluate the performances of
the developed method were selectivity/specificity, linearity,
recovery, precision (repeatability and intermediate precision),
accuracy, limit of detection (LOD) and limit of quantification
(LOQ).
Validation was performed using the concept of accuracy
profile (Boulanger et al. 2003; Hubert et al. 2004; Brasseur
et al. 2007; Feinberg et al. 2004; Feinberg and Laurentie
2006).
Selectivity and specificity were demonstrated by showing
the absence of significant peak in the blanks and the presence
of quantifiable peaks in the QCs.When a peak was detected in
the blanks, it was shown that it fulfilled the confirmation
criteria detailed in “Validation of the Method” section (data
not shown).
Accuracy profiles computed for the four aldehydes are
shown in Fig. 3. Accuracy refers to the closeness of agreement
between the test result and the accepted reference value (FDA
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1995). The accuracy takes into account the total error, related
to the test results. While no official levels are fixed for alde-
hydes in food, acceptance limits (dotted external lines) were
selected arbitrarily at 50 %. The solid central line represents
the bias, and the dots correspond to the relative back-
calculated concentrations, plotted with respect to their targeted
concentrations (expressed in percentage of variation from the
targeted concentration). Internal dashed lines represent the
95 % β-expectation tolerance interval (the result expected
for a level included in the dosing range will fall in these limits,
with a risk of 5 % of being outside). The analytical procedure
is considered as valid within the working range if the limits of
the accuracy profile (dashed lines) are narrower than the
acceptance limits (external dotted lines). For the MDA, the
95 % tolerance interval is located between the acceptance
limits, demonstrating the validity of the method for the whole
analytical range tested. For the 4-HHE and 2,4-decadienal, the
95 % tolerance interval is higher than the acceptance limits of
50 % for the low level of concentration: 65.5 and 62.2 %,
respectively. For 4-HNE, this interval is slightly higher than
the acceptance limit for the high level of concentration
(51.4 %).
Target spiking levels, mean introduced concentrations (av-
erage of the real concentrations for all experiments), LOD,
LOQ, repeatability, intermediate precision, recovery, linearity
(R2), calibration curve equations and uncertainty are
summarised in Table 2.
Limits of detection (LODs) (the smallest quantity of the
targeted substance that can be detected but not accurately
quantified in the sample) are calculated within the e-Noval
software by adding three times the residual standard deviation
obtained from an ANOVA test to the y intercepts of the
calibration curves. The LODs were found below the lowest
spiked level for all compounds, except for 4-HNE, and ranged
from 0.02 to 0.14 mg kg−1 (Table 2). The lower limit of
quantification (LOQ) is defined here as the smallest quantity
of the targeted substance in the sample that can be assayed
under experimental conditions with well-defined accuracy
(FDA 1995). The definition can also be applicable to the
upper LOQ which is the highest quantity of the targeted
substance in the sample that can be assayed under experimen-
tal conditions with well-defined accuracy. It is computed by
the validation software as the smallest and highest concentra-
tions beyond which the β-expectation limits go outside the
acceptance limits. Depending of the compounds, the lower
and upper LOQ range respectively from 0.06 to 1.54 and 2.34
to 9 mg kg−1 (Table 2).
The precision (closeness of agreement between indepen-
dent test results) of the method is evaluated through its repeat-
ability (variation of the results obtained in a same series),
expressed as a relative standard deviation or RSDr, and its
intermediate precision (variation of the results obtained in
different series), also expressed as relative standard deviation,
and is often called RSDR. The repeatability was between 4 and
21 %, and the intermediate precision was between 4 and 23 %
for the four aldehydes (Table 2).
The recovery (the proportion of the amount of analyte,
added to the analytical portion of the test material, which is
extracted and presented for measurement) ranged from 88 to
101 %, being for MDA close to 100 % for the three levels of
Fig. 2 Chromatogram of
aldehyde DNPH-derivatives
analysed by LC-MS in a QC at
medium level of aldehydes
concentration, corresponding to a
coconut oil sample spiked with
1.2 mg kg−1 4-HHE and 4-HNE,
3.0 mg kg−1 MDA and
3.6 mg kg−1 2,4-decadienal
Food Anal. Methods (2015) 8:1425–1435 1431
Fig. 3 Accuracy profile of the four aldehydes, computed with e-Noval
2.0 (Arlenda). The dotted external lines represent the acceptance limits.
The solid central line represents the bias, and the dots correspond to the
relative back-calculated concentrations, plotted with respect to their
targeted concentrations (expressed in percentage of variation from the
targeted concentration). Internal dashed lines represent the 95 % β-
expectation tolerance interval
Fig. 4 Least-square means
(LSM) and standard errors (SE) of
concentration expressed in
micromoles per kilogram of
malondialdehyde (MDA), 4--
hydroxy-2-hexenal (4-HHE) and
4-hydroxy-2-nonenal (4-HNE)
for 1PLO stored at 60 °C for up to
24-day samples (n=9 per day of
storage). Significant differences
comparing day 0 and other time
of storage are indicated by
asterisks (*) (P<0.05). LOQ,
expressed, in micromoles per
kilogram, are 2 μmol kg−1 for
MDA, 6 μmol kg−1 for 4-HHE
and 0.4 μmol kg−1 for 4-HNE
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concentrations tested (Table 2). All recoveries met the criteria
of the European decision 2002/657/EC (Commission of the
European Communities 2002), which is set between 80 and
110 %.
The measurement uncertainty (MU) (a parameter that
characterises the dispersion of the values that could rea-
sonably be attributed to the measurand) is expressed here
as a relative expanded uncertainty (a percentage of the
result) and is calculated from the total variance of the β-
expectation tolerance interval, using a coverage factor of
2. Relative expanded uncertainties ranged from 9 to
49 % (Table 2).
Evaluation of Linseed Oil Oxidation
First, linseed oil was spiked with various concentrations
of aldehydes to check the absence of potential interfer-
ences coming from the matrix at the retention times of
the target compounds. Then, the four aldehydes were
quantified in first pressure linseed oil (1PLO) submitted
to the Schaal oven test (“Statistical Analysis” section).
Malondialdehyde (MDA), 4-hydroxy-2-hexenal (4-
HHE), 2,4-decadienal and 4-hydroxy-2-nonenal (4-
HNE) were measured in the oil collected after 0, 3, 4,
6, 12 and 24 days of storage at 60 °C. Least-square
means (LSM) and standard errors (SE) of the results are
presented in Fig. 4. Concentrations are expressed in
micromoles aldehyde per kilograms linseed oil. The
2,4-decadienal was not detected in any sample at any
time of storage. At day 0, MDA was not detected in oil,
and 4-HHE was below the LOQ, while quantifiable but
low levels of 4-HNE were found (1 μmol kg−1). At the
fourth day of storage at 60 °C, MDA levels became
significantly different from those at day 0, but this was
not the case for 4-HHE and 4-HNE, which remain at
the same level from day 0 to day 6. At the 12th day of
storage at 60 °C, the three aldehydes were significantly
higher than at day 0, with similar levels for MDA and
4-HNE (18 and 17 μmol kg−1) and about five more
times 4-HHE (85 μmol kg−1). After 24 days at 60 °C,
t he l a rg e s t amoun t s we re found fo r 4 -HHE
(382 μmol kg−1), followed by 4-HNE (51 μmol kg−1)
and MDA (28 μmol kg−1).
Guillén and Uriarte (2012) observed that 4-HHE as a major
compound formed when virgin linseed oil was fried at 190 °C
for 3.6 and 20 h. Guichardant et al. (2006), and Han and
Csallany (2009) reported as well that 4-HNE and 4-HHE are
α,β-unsaturated aldehydes mainly formed during the oxida-
tion of n-6 and n-3 fatty acids, respectively. This corroborates
our results, showing that 4-HHE and 4-HNE are the major
aldehyde found in oxidised linseed oil, a vegetable oil con-
taining more than 50 % of alpha-linolenic fatty acid and
approximately 14 % of linoleic acid.
Conclusion
The quantification of aldehydes is a good indicator of the
oxidation level of the polyunsaturated fatty acids in food
matrices. The analytical method presented in this work brings
something new compared to what is commonly found in the
literature since this method allows to quantify, in the same run,
MDA and three other aldehydes: 4-HHE, 4-HNE and 2,4-
decadienal, in food samples, while most of the other methods
developed and described in the literature are not validated for
food matrices.
The validation of the developed analytical method showed
that it is possible to analyse MDA, 4-HHE, 4-HNE and 2,4-
decadienal in oil samples, in the same run, with a very good
accuracy for MDA, and a defined accuracy at specified con-
centrations for the three other aldehydes.
In linseed oil subjected to storage at high temperature
(60 °C), it was shown that 4-HHE was the most produced
aldehyde after 12 days of storage, with high levels (above
80 μmol kg−1), indicating that 4-HHE is a relevant marker of
linseed oil oxidation. More research is needed to assess the
risk linked to the possible ingestion of 4-HHE through
oxidised fatty food.
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